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Dark matter (DM) is added to the Froggatt-Nielsen (FN) mechanism, and conditions for its suc-
cessful freezeout identified. Requesting the FN scale ΛFN to be the cutoff of the theory renders
freezeout scenarios surprisingly few. Fermionic DM is typically charged under U(1)FN, with the
dominant annihilation channel a CP-even flavon + CP-odd flavon. A minimal case is when the DM-
flavon coupling strength is O(1), with several implications: (1) the DM mass is O(100 GeV - 1 TeV),
thanks to the WIMP coincidence, (2) requiring perturbativity of couplings puts a lower and upper
limit on the flavor scale, 2 TeV . ΛFN . 14 TeV, on account of its relation to DM mass and cou-
plings, (3) DM is a “secluded WIMP” effectively hidden from collider and direct detection searches.
Limits on the masses of dark matter and mediators from kaon mixing measurements constitute the
best constraints, surpassing Xenon1T, Fermi-LAT, and the LHC. Future direct detection searches,
and collider searches for missing energy plus a single jet/bottom/top, are promising avenues for
discovery.
I. INTRODUCTION
The nature and origin of dark matter (DM) remain
elusive. Since the Standard Model (SM) does not ac-
count for a DM candidate, it is natural to seek one in
extensions of it devised to confront its other problems.
This approach enjoys an obvious merit: a single theory
can account for (at least) two problems. Thus, solutions
to the electroweak (EW) hierarchy problem (e.g. weak
scale supersymmetry and little Higgs) provide DM when
a “new physics” parity is imposed, right-handed neutri-
nos introduced to explain small neutrino masses, or ax-
ions introduced by the Peccei-Quinn resolution to the
strong CP problem, may serve as DM – and so on. Can
DM be addressed in the problem of fermion flavors?
Fermion masses are hierarchical across many orders,
and mix in peculiar patterns. That these may be ac-
cidents of nature is an explanation we find unsatisfac-
tory. A simple alternative may be found in the mech-
anism of Froggatt and Nielsen (FN) [1], that extends
the SM gauge group with a (global or local) symmetry.
The lightness of fermions f is then arranged by mixing
with heavy fermions F vector-like under the new and SM
symmetries: SFf + ΛFNFF¯ , where S is the “flavon”, a
scalar field acquiring a vev vs and breaking the symme-
try. The SM Yukawa matrices are now nothing but pow-
ers of  ≡ 〈S〉/ΛFN in an effective field theory (EFT),
with  usually fixed to the Cabibbo angle ' 0.23. Both
the mass and mixing hierarchies can be obtained now,
but flavor changing neutral currents (FCNCs) are in-
∗ calvara1@nd.edu
† elahif7@gmail.com
‡ nraj@nd.edu
evitable. To avoid constraints from FCNCs, it is found
that ΛFN > 2 TeV [2].
It is to this picture that we wish to add DM. A
profitable pursuit, one that gives experiments a well-
motivated target, is to identify the class of parameters
that results in the correct relic abundance through 2→ 2
annihilations, in the spirit of such multi-parameter DM
frameworks as supersymmetric neutralinos [3–5], mini-
mal DM [6, 7], secluded WIMPs [8], effective WIMPs
[9, 10], and forbidden DM [11, 12]. In other words, our
first goal is to locate the “relic surface”. Our other guid-
ing principle is to add no more than a minimal set of mass
scales to the FN mechanism. To begin with, we are not
interested in the case of DM annihilations to the vector-
like F ’s, as this puts DM mass > ΛFN and generally out
of current reach. Thus, through operators suppressed by
suitable powers of ΛFN, DM must annihilate to SM fields
and the flavon quanta that are obtained by expanding S
around its vev,
S =
1√
2
(vs + σ + iρ) . (1)
ΛFN is now the “messenger scale” for DM interactions
with SM and S, or in other words, the cutoff of our the-
ory. Following the FN procedure, we will arrange our
EFT interactions by populating this scale with additional
vector-like fermions. One can broadly see where this
leads if DM is a fermion singlet χ. Assuming it to be odd
under a Z2 symmetry in order to avoid the operator LHχ,
one may find that interactions with all SM species must
be suppressed by negative powers of ΛFN, sometimes with
extra suppression from factors of v/ΛFN (where v is the
Higgs vev) as well as from powers of  (determined by the
FN charges of SM and χ). It can be verified – and we will
explicitly show it – that these effects cause χχ→ SM SM
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to be too feeble, with the cross section 〈σv〉 many orders
smaller than (η) 2.2 × 10−26 cm3 s−1 (where η = 1 (2)
for Majorana (Dirac) DM) that is required for the cor-
rect abundance. DM interactions with the flavon, on
the other hand, need not be ΛFN-suppressed and may be
arranged with marginal operators, as we shall show in
this work. Couplings of O(0.1 − 1) are easily arranged,
rendering annihilations to the flavon particles σ and ρ
a viable avenue. Thus χ can be a “secluded WIMP”
[8, 13]: it achieves the correct relic density by annihilat-
ing primarily to mediators (here σ and ρ), while keeping
direct couplings to SM small. In this first paper, we will
focus on a scenario where χ is charged under the flavor
symmetry and interacts with the flavon through a renor-
malizable Yukawa term yDMχχS; the best constraints on
this species of secluded WIMP come from indirect lim-
its imposed by flavor experiments. In a follow-up paper
[14], we will extend our findings to cases where DM-flavon
interactions are non-renormalizable, identify parametric
families that lead to correct freezeout (while including
SM annihilation channels that may become important),
and derive all relevant constraints.
A most remarkable feature here is the hand played by
the non-zero flavor charge of DM. Due to this charge,
DM mass must stem from symmetry-breaking as ∝ vs ∼
ΛFN. And parametrically, the cross section of χ’s an-
nihilation to the flavon mediators is given by 〈σv〉 ∼
y4DM/m
2
χ. Since perturbative unitarity limits mχ from
above [15], an upper limit on ΛFN is imposed. As a re-
sult, lower limits on ΛFN which may be placed by future
flavor experiments or high-energy collider searches can
potentially falsify our premise. Moreover, since pertur-
bativity at the flavor scale restricts yDM to be O(1), we
know from the lore of the “WIMP miracle” that, to ob-
tain the characteristic 〈σv〉th = (η) 2.2× 10−26 cm3 s−1,
mχ must be . 10 TeV. Thus, although all the masses
introduced here (ΛFN, vs, mχ) were a priori free to be
arbitrarily heavy, requiring correct freezeout puts them
all within current experimental reach. This attribute of
a low-energy flavor-breaking scale emerging from a con-
nection between DM and flavor was pointed out in [16].
It is comparable to [17–20], where a low ΛFN is obtained
by breaking the flavor symmetry with electroweak Higgs
doublets. See also [21] for model-independent constraints
on low-scale flavor-breaking.
The above features will be spoiled if DM is a scalar, in
which case it can have a renormalizable interaction with
the Higgs doublet through a portal term: |χ|2|H|2. An-
nihilations to the SM Higgs boson must dominate unless
the coupling is tuned to be small, and there is no inti-
mate relation between the DM abundance and the FN
mechanism. For these reasons our study will only focus
on fermionic DM.
A Froggatt-Nielsen portal to DM was explored in [16],
but the presence of the CP-odd flavon was omitted and
emphasis was not placed on obtaining the correct relic
abundance. Here we will show that the CP-odd flavon
plays a primary role in freeze-out. The status and
prospects of the CP-odd flavon were explored in compre-
hensive detail in [2], whose results we will use extensively
in this work. For other works that explore the interface
between flavor and dark matter, see [22–34] and the ref-
erences in [35].
This paper is laid out as follows. We first review the
FN mechanism in Sec. II. DM is carefully incorporated
into this set-up in Sec. III. We will find this a non-trivial
task: we begin with a brief overview of simple models
in Sec. III.1 and show them to be ineffective or unsatis-
factory, before moving on to a successful model that re-
quires χ to be charged under U(1)FN. Sec. IV discusses
constraints and future prospects, and Sec. V concludes
the paper.
II. FROGGATT-NIELSEN MECHANISM
We begin with a brief review of the FN mechanism; for
a more thorough review, see [36]. Ingredients relevant for
embedding DM (performed in the next section) will be
given emphasis. The FN mechanism introduces an array
of heavy vector-like fermions of mass ΛFN transforming
under the SM gauge group as well as under a new sym-
metry that is either global, local or discrete; we will use a
global U(1)FN for illustration. The symmetry also trans-
forms a new complex scalar S, the flavon, and all SM
fermions excepting the top quark; the Higgs doublet is
neutral under it. Conventionally, S is assigned a U(1)FN
charge -1, which we assume hereafter. The charge as-
signments ensure that in the theory below ΛFN, fermions
couple to the Higgs doublet only via non-renormalizable
terms containing several powers of S (or no power in the
case of the top quark):
L ⊃ y(u)ij
(
S
ΛFN
)mij
QiujH˜ + y
(d)
ij
(
S
ΛFN
)nij
QidjH ,
(2)
where H˜ = iσ2H
∗ and the exponents mij , nij are deter-
mined by the FN charges of the fermions. For simplicity,
we have assumed only quarks to be charged under the
FN symmetry, though the mechanism can be easily ex-
tended to leptons as well. The U(1)FN symmetry breaks
if S develops a vev vs, giving rise to Yukawa couplings
that are parameterically powers of  = vs/
√
2ΛFN. Thus,
fermion masses and mixings originate in both electroweak
symmetry breaking (EWSB) and flavor breaking, with
their relative sizes set by the number of  powers. The
2
size of  is traditionally fixed by matching with measure-
ments of the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix:  ' |Vus| ' |Vcb| ≈ 0.23. Once the hierarchies are
fixed to the right order this way, dimensionless O(1) co-
efficients y
(u,d)
ij can bring the CKM entries and fermion
masses to their measured values1.
Thus far we have described the FN mechanism with-
out explicit reference to the flavor group at work, which
can be continuous, discrete, global, local, abelian, or non-
abelian. In our work we choose a global U(1)FN for sim-
plicity. Symmetry-breaking must introduce a potentially
troublesome Goldstone boson ρ, disfavored by cosmologi-
cal constraints if it couples to the SM [37–39]. This prob-
lem is evaded if the pseudoscalar ρ acquires a non-zero
mass through explicit breaking2 in the potential:
V (H,S) =− µ2s|S|2 + λs|S|4
+ λsh|S|2H†H − b2(S2 + H.c.) , (3)
giving rise to the physical masses post-minimization
m2σ = 2λsv
2
s , m
2
ρ = 4b
2 , (4)
with b2 > 0 and v ' 246 GeV. Though b2 is a free pa-
rameter, as it is the only term explicitly breaking U(1)FN,
it is multiplicatively renormalized and can be naturally
smaller than the other scales here. Thus we require mρ to
lie below ΛFN and assume the mass hierarchy in Ref. [2]:
mρ < mσ ' vs < ΛFN .
Eq. 2 determines the Yukawa couplings (gs)ij of σ and
ρ with quark pairs of families i and j, written out ex-
plicitly in Appendix A. These couplings generate tree-
level FCNC processes, due to which the FN set-up con-
fronts limits from measurements of meson mixing, me-
son decays, and top quark decays, with the strongest
constraints imposed by the neutral kaon mixing CP-
violation parameter K [2]. The latter constrains the
masses of σ and ρ, which can be translated to lim-
its in {λs, vs, mρ} space3. The constraint is weak at
mρ ' mσ ≈ 200 GeV due to an accidental cancellation
1 The yij must be complex to account for the CKM phase.
2 Alternatively, U(1)FN may be either (i) gauged, which may how-
ever introduce anomalies as the left- and right-handed fermions
are charged differently, or (ii) discretized, in which case there
is no Goldstone boson. Through the ZN -preserving operator
SN/ΛN−4FN , where N is the dimension of the ZN group, one has
m2ρ ∼ N−4v2s . Successful FN models require N ≤ 16 since the
up quark demands an 8 suppression, implying a very light ρ for
vs ∼ O(TeV) that is already excluded by flavor constraints [2].
3 Through the rest of the paper we take into account the fact that
the right-hand sides of Eq. 4 are 2 × those in Ref. [2]
in the Wilson coefficients of ∆F = 2 operators, but when
mρ  200 GeV, the contribution of the flavon quanta
goes as (gσ)
2
sd/m
2
σ ∝ (λsv4s)−1 (from Eqs. 4 and 11).
Thus a lower limit on vs and ΛFN = vs/(
√
2) may be
obtained if we require the coupling λs to be perturbative.
From Ref. [2], we have
λs ≤ 4pi ⇒ vs ≥ 670 GeV
⇒ ΛFN ≥ 2.07 TeV , (5)
which will serve for the purposes of this paper as absolute
lower limits on vs and ΛFN.
Once we embed DM into the FN picture, the above
constraints may also restrict DM masses. Therefore, we
will revisit these constraints in more detail in Sec. IV,
while in the next section we proceed to our principal task
of adding DM.
III. INCORPORATING DM
III.1. General model-building
Having described the interactions of the flavon quanta
s = σ, ρ with SM states, we turn to our central program
of incorporating fermionic DM into the FN setup.
The following are general considerations to keep in
mind before we delve into the details of model-building.
• As mentioned in the Introduction, we impose a Z2
symmetry under which SM fields and S are even
and χ is odd. This prevents operators of the form
(S/Λ)kHLχ that could result in DM decay, where
k ≥ 0 is an integer.
• We also mentioned in the Introduction that anni-
hilations to SM species are suppressed by inverse
powers of the cutoff scale and , and that success-
ful freezeout is only obtained through annihilations
to the flavons. Hence our emphasis in the following
will be on DM interactions with flavons. All these
low-energy interactions are assumed to arise from
vector-like fermions integrated out at the scale ΛFN.
Some of these vector-like fermions, Fχ, F¯χ, must be
charged odd under the Z2 symmetry that stabilizes
DM. In principle these vector-like fermions could
have arbitrary masses, but we have chosen for them
a common mass ΛFN in line with our objective of
keeping the number of new mass scales at a mini-
mum. Thus the theory at high scales would appear
as
L ⊃ SχF¯χ + ΛFNFχF¯χ .
3
• Annihilations of a DM pair into σ + ρ are s-
wave, whereas annihilations into σσ and ρρ are p-
wave. We see this from parity considerations. The
fermion-pair initial state has P = (−1)L+1, thus
the L = 0 transition is allowed for the parity-odd
σρ final state, and forbidden for the parity-even σσ
and ρρ final states.
• As χ can in principle be either neutral or carry an
(arbitrary) U(1)FN charge, we must seek a success-
ful model by sifting through the possibilities.
With these considerations, we now explore the freeze-
out of DM neutral or charged under U(1)FN.
III.1.1. U(1)FN-neutral DM
Here DM has a bare Majorana mass mχ, and con-
nects to the flavon via the lowest dimension operator
χχ|S|2/ΛFN. Assuming CP-violating phases vanish, the
interactions
χχρ2/ΛFN , χχσ
2/ΛFN ,  χχσ
are obtained from Eq. 1. These give rise to the annihila-
tion of χ to pairs of σ and ρ, which are p-wave-suppressed.
In addition, annihilation through the first two is ΛFN-
suppressed, and that through the third is non-trivial to
arrange: χ must be heavier than σ to kinematically al-
low it, and at least an order of magnitude lighter than
ΛFN for the EFT to be valid. From Eq. 4, this means
vs < mχ  ΛFN for the quartic coupling λs ∼ 1. How-
ever, this is not possible since vs ' ΛFN. Of course,
the special hierarchy mσ < mχ  ΛFN may be contrived
if λs  1, but we do not pursue this possibility since
we expect the region of viability to be small for light σ
in the face of flavor constraints. Also, as we mentioned
in the Introduction, we wish to keep the introduction of
new mass scales minimal (violated in this case by the
introduction of mχ).
To summarize, U(1)FN-neutral DM can possibly lead
to successful freeze-out through p-wave annihilations to
σ pairs, but only a small region would survive flavor con-
straints. A larger region of viability is possible if DM can
annihilate to σ + ρ through the s-wave instead. In the
next sub-section we will show that DM charged under
U(1)FN is more successful in this respect.
III.1.2. U(1)FN-charged DM
DM charged under U(1)FN must acquire its mass, and
interactions with the flavon quanta s, via symmetry-
breaking. Specifically, DM acquires a Dirac mass and
χ
χ
χ¯ ρ
σ
ρ
χ
χ¯ ρ
σ
yχ/
√
2
yχ/
√
2
yχ/
√
2 m2σ/vs
Figure 1. Feynman diagrams contributing to the s-wave an-
nihilation of DM to a CP-even + CP-odd flavon. When kine-
matically allowed, this channel dominates for DM charged 1/2
under U(1)FN. See text for more details.
couplings to S through the operator
yχ
(
S
ΛFN
)n
Sχaχb , (6)
given by
mχ =
yχ√
2
vs
n, gsχχ = (n+ 1)
yχ√
2
n , (7)
where n determines Qχ ≡ the collective charge of χa and
χb as
Qχ = (n+ 1)/2 .
Without loss of generality, we take yχ to be real. The
only free parameters in this set-up are now
Scales : ΛFN, b
2,
Charge : Qχ,
Couplings : yχ, λs, λsh . (8)
It is among these parameters that we must find suc-
cessful freezeout conditions and identify the relic surface.
For our phenomenological treatment in Sec. IV, we ne-
glect λsh, for it plays little role in our freezeout: as we
will show in Sec. III.2, its influence by means of turning
on a small Higgs-σ mixing is negligible.
We now proceed to find our desired conditions. First,
we notice that Eq. 7 allows for the s-wave process χχ¯→
σρ. Both the s- and t-channel diagrams in Fig. 1 con-
tribute, and lead to the annihilation cross section given
in Appendix B. For mρ  mχ, this is schematically
〈σv〉 ∼ 1
s
|M|2 ∼ 1
4m2χ
f ′′
∼ 
2
4Λ2FN
f ′, (9)
where f ′′ and f ′ are functions of yχ, λs, n and . The
above equation implies our set-up can give us a po-
tential upper limit on the Froggatt-Nielsen scale ΛFN
4
when we require the thermal cross section 〈σv〉th =
4.4 × 10−26 cm3 s−1. This must happen when we re-
quire that the coefficient yχ be perturbative (yχ ≤ 4pi).
In the following we will derive this upper limit on ΛFN
for a few select cases.
Let us begin our investigation of DM annihilations with
the case of n = 0 (⇒ Qχ = 1/2). Here
mχ =
yχ√
2
vs, gsχχ =
yχ√
2
⇒ 〈σv〉 ' 3
2048pi
y2χ
v2s
, (10)
where in the second line we have used Eq. B2 and set
mχ = mσ for simplicity. This can certainly lead to suc-
cessful freezeout, provided vs is not so large as to make yχ
non-perturbative. This is not a cause for concern, since
Eq. 5 implies yχ ≥ 1.9 if we require the correct abundance
at mχ  mρ. (For mχ ∼ mρ, there is no lower bound on
yχ.) Annihilations to σ + ρ are kinematically allowed so
long as mσ+mρ < 2mχ ⇒ 2b2 < (yχ−
√
λs)
2v2s . Requir-
ing yχ ≤ 4pi gives ΛFN ≤ 13.65 TeV, which is allowed by
the limit in Eq. 5.
To sum up, we have found our first successful freezeout
scenario without contriving a compressed mass spectrum.
Our work will chiefly concern this scenario, for reasons
that will become apparent when we inspect the effect of
increasing n.
As we increase n, Eq. 7 implies that χ gets lighter, re-
ducing the phase space available for annihilation to σ+ρ.
(One may try to recover some phase space by tuning λs
small and making σ light, but at the cost of tension with
kaon mixing constraints.) Thus the p-wave flavon modes
(σσ and ρρ) and SM modes gain in importance. More-
over, inserting Eq. 7 into Eq. 9, 〈σv〉 ∝ y2χ(n+1)42n/Λ2FN
in the λs → 0 limit, implying that as we increase n,
the upper bound on ΛFN from yχ perturbativity gets
stronger. Eventually this upper bound will fall below
the lower bound in Eq. 5. For mχ = mσ, this occurs at
n = 4, which gives us an important condition for success-
ful freezeout:
n ≤ 3, or Qχ ≤ 2.
Conditions on the parameters in Eq. 8 that render desired
annihilation modes kinematically allowed may be derived
in a straightforward manner from Eqs. 4 and 7.
Our next task is to show that, after imposing these
conditions and locating our relic surface, our set-up is
quite viable in the face of dark matter experiments. To
this end, we pick a single scenario for phenomenological
study, Qχ = 1/2 (n = 0). Our choice is motivated by the
following reasons.
(1) As we just showed, the n = 0 case provides the
maximum phase space for the channel χχ¯→ σρ, allowing
m⇢ = 2 b
m  =
p
2 y  vs
⇤FN
p
2 ✏ ⇤FNvs
m  =
p
2 svs
Figure 2. The spectrum studied in this work. The U(1)FN
symmetry breaks at
√
2 below the Froggatt-Nielsen scale
ΛFN, giving masses to dark matter χ and the CP-even flavon
σ at the symmetry-breaking scale vs. Shown for illustration
is a hierarchy in which mχ > mσ. The mass of the CP-odd
flavon ρ, acquired through a freely tunable explicit symmetry
breaking parameter b2, is assumed < 2mχ −mσ in order to
allow for DM annihilations to ρ+ σ.
it to dominate the annihilation over a large parametric
region. This simplifies the phenomenological analysis.
(2) As Eq. 6 is a marginal operator for n = 0, we may
relax the assumption that Z2-odd vector-like fermions
with a common mass ΛFN generate DM-flavon interac-
tions at low energies, and assume no more than the pres-
ence of a pair of dark fermions with a combined U(1)FN
charge of unity4.
The spectrum of scales in our scenario is sketched in
Fig. 2. In general mχ, vs and mσ reside at a common
O(TeV) scale, while mρ, a free parameter, can be much
lower. The relation between these masses and scales will
play a decisive role in our phenomenology.
III.2. Flavon mode domination: an illustration
In the Introduction we had estimated that DM anni-
hilations to all SM final states will be suppressed. We
had also surmised that freezeout will be dictated by s-
wave annihilations to flavon quanta. In the previous sub-
section, after identifying U(1)FN-charged DM as a work-
able scenario, we derived freezeout conditions ignoring
SM modes and including only flavon modes. We now
demonstrate the accuracy of our assumptions by quanti-
fying these estimates, which form the crux of our paper.
4 We also assume that neither individual charge Qaχ,Qbχ is zero.
If one of the χi is U(1)FN-neutral, a Majorana mass
1
2
Mmχiχi
and the operator |S|2|χiχi/ΛFN are allowed, confounding the
freezeout analysis and potentially introducing physical complex
phases.
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Figure 3. Left: Cross sections of various DM annihilation channels as a function of (mσ + mρ)/2mχ, keeping mχ =
950 GeV, yχ = 1.4, λs = 0.25, and λsh = 0.1. Annihilations to the CP-even σ + CP-odd ρ are seen to dominate over
all other modes. Right: Contours of yχ resulting in the correct relic abundance, fixing mσ = mχ. See text for more details.
The left panel of Fig. 3 shows the 〈σv〉 of various anni-
hilation modes against the ratio (mρ+mσ)/2mχ, with the
thermal cross section 〈σv〉th = 4.4×10−26 cm3 s−1 shown
for reference. We have chosen mχ = 950 GeV, yχ =
1.4, λs = 0.25 and λsh = 0.1 for illustration; this putsmσ
at 678 GeV. The relevant SM modes, hh, tc¯, bb¯, cc¯, gg,
and γγ are plotted in brown, red, green, magenta, dot-
dashed black, and dot-dashed orange respectively, the
flavon modes σρ and ρρ in solid blue and dashed blue.
Our parametric range kinematically forbids the σσ mode,
but allowing it does not change our conclusions. We
checked our calculations against MicrOmegas 4.3 [40] and
found very good agreement.
Let us begin our task by first inspecting the SM final
states. Annihilations to Higgs bosons (χχ → σ∗ → hh)
proceed through the λsh vertex in Eq. 3, and suppressed
by the twofold effect of its p-wave nature and the large
mass of σ in the propagator. This is why the cross sec-
tion is three orders of magnitude below 〈σv〉th. Even for
λsh as large as 1, the above effects would keep the cross
section at a factor of 100 below the 〈σv〉th. In general,
turning on the coupling λsh would induce h-σ mixing,
introducing potential constraints from LHC Higgs mea-
surements. However, due to the hierarchy between the
mass scales mh ∼ v and mσ ∼ vs, the mixing angle
comes out to be . 0.1, which is safe from these con-
straints. For this reason, and because λsh plays no role
in the freezeout, we consistently neglect it throughout
the rest of the paper. As a consequence, we will also not
be concerned with (p-wave suppressed) annihilations to
the electroweak bosons that would have been prompted
by a non-zero λsh.
Annihilations to SM fermions are highly suppressed as
well. These must proceed through flavon mediation in
the s-channel; since both ρ and σ couple to fermion pairs
through the Higgs doublet (as seen in Eq. 2), a factor
of (v/ΛFN)
2 < 10−2 appears in the cross section. The
relative contributions of the fermion modes is determined
by the number of  powers in the DM-flavon coupling,
which is shown in Appendix A. Re-writing Eq. A4 (up to
O(1) coefficients) as
gus =
1
vs
8mu mc 3mt3mc 4mc 2mt
5mt 
2mt 0
 ,
gds =
1
vs
7md ms 3mbms 5ms 2mb
mb 
2mb 3mb
 , (11)
we see that except for tc¯, bb¯ and cc¯, all other fermion
modes are too feeble.
The presence of a global U(1)FN anomaly in our set-up
gives rise to the annihilation modes χχ¯ → ρ∗ → gg, γγ.
Calculating the ρgg and ργγ couplings using the color
and electromagnetic anomaly coefficients that originate
from quark triangle diagrams [41], we find the gg cross
section comparable to tc¯, and the γγ cross section 100
times smaller.
We are now left with annihilations to two flavons. The
σρ mode, contributing > 95% to the total cross sec-
tion, is dominantly s-wave (with the p-wave contribu-
tion so negligible as to vary the solid blue curve only
minutely). As advertised in Sec. III.1.2, this annihilation
can proceed through an O(1)-sized coupling to produce
〈σv〉th = 4.4× 10−26 cm3 s−1. We see this clearly in the
solid blue curve. The ρρ (and σσ) mode is p-wave. Con-
sequently, its cross section is suppressed by about an or-
der of magnitude with respect to the σρ mode. The cross
6
section also drops sharply as mρ approaches 2mχ −mσ
and shrinks the phase space open for annihilation.
Finally, the right panel of Fig. 3 shows, in the mρ–mχ
plane, contours of yχ that result in successful freezeout.
We have set mσ = mχ in this plot, which from Eqs. 4
and 10 implies λs = y
2
χ/4 along each contour. As mρ is
raised, the phase space available for χχ¯→ σρ is reduced,
requiring a slight increase in mχ = mσ to recover the
thermal cross section. One also observes that larger cou-
plings are needed for heavier DM to overcome the m−2χ
suppression of the annihilation cross section.
In the next section we explore the various signals and
constraints of our set-up, and show that our parameter
space on the relic surface is by and large allowed by flavor
and dark matter experiments. Searches best suited for
finding our scenario are also identified and discussed.
IV. PHENOMENOLOGY
Since our DM gets its relic abundance effectively by
annihilating to mediators, it is a “secluded WIMP” [8],
generally hidden from the Standard Model and hence ex-
pected to be probed poorly by direct detection and col-
liders. And though our annihilation is s-wave, allowing
our set-up to submit to indirect detection searches, our
DM is generally too heavy to produce sufficient photonic
flux to be seen. However, flavor-changing processes can
competently probe the mediators ρ and σ.
In this section we will discuss the constraints on our
scenario from these various experiments, and predict our
future prospects. We will begin with flavor experiments,
recasting the findings of Ref. [2] in our parameters and
finding bounds on mχ and mρ. The most stringent lim-
its here are from kaon mixing measurements. Next we
discuss constraints from direct detection, and show that
future searches would reach regions that are allowed by
kaon mixing. Then we briefly discuss the poor (current
and future) sensitivity of indirect detection. Finally, we
show that current LHC limits too are weak, and explore
promising DM signatures for Run 2.
IV.1. Meson mixing
Both the CP-even σ and CP-odd ρ exhibit flavor vio-
lating couplings at tree level (Eq. 11), generating FCNCs
and incurring low-energy constraints from meson mixing
in neutral K,B and D systems [2]. The strongest limits
come from kaon mixing since the SM contribution is ren-
dered small by the GIM mechanism, i.e. it is both loop-
and CKM-suppressed. The CP-violation parameter K
is dominated by short-distance contributions that can be
accurately calculated, whereas the observable ∆mK suf-
fers from a large theoretical uncertainty due to unknown
long-distance contributions. For this reason K is gen-
erally expected to provide the best constraints. Ref. [2]
recast results from the UTfit collaboration [42] onto the
mρ–vs plane, and showed that this is indeed true. Their
choice of O(1) coefficients and O(1) phases that appear
in the Yukawa textures of Eq. A2 does play a role in this
result, but one must, for the reasons explained above,
expect K to outconstrain the CP-preserving ∆mK for
most Yukawa textures5. We use this result to show our
constraints in the mρ–mχ plane in the left panel of Fig. 5,
taking advantage of the relation between mχ, yχ and vs
in Eq. 10. However, the reader must keep in mind that
the limits discussed in the following, as well as the limit
quoted in Eq. 5, may be weakened for some choices of the
O(1) coefficients and phases in the Yukawa couplings.
We fix yχ = 2.2 in Fig. 5 and show with a dashed
curve a contour of Ωχh
2 = 0.12. In the regions above
this contour, DM is overabundant for this yχ. The effect
of varying this coupling is seen in Fig. 3, however, it
must be remembered that raising or lowering yχ would
correspondingly tighten or loosen the K bound on mχ.
The dark shaded region is excluded at 95% C.L. by the
K measurement, with an illustrative λs value of 0.25. As
explained in Sec. II, the bound comes from tree-level con-
tributions to ∆F = 2 operator Wilson coefficients, which
depend on mρ and mσ. For mρ > 200 GeV, these contri-
butions scale as λ−1s v
−4
s ∝ λ−1s (yχ/mχ)4, hence giving a
flat bound across mρ. It will prove useful to recast this
as a scaling of the lower bound on mχ in terms of the
couplings:
mχ|K ∝
yχ
λ
1/4
s
. (12)
For mρ < 200 GeV mσ, the flavon contributions to the
Wilson coefficients scale as (vsmρ)
−2 ∝ (mχmρ/yχ)−2,
giving a bound on mρ that falls inversely with mχ. The
dip feature seen between these two regions comes from an
accidental cancellation in the Wilson coefficient at mσ =
mρ due to destructive interference.
This plot illustrates clearly that regions favored by our
freezeout scenario are quite viable vis-a`-vis flavor con-
straints. The choice of 2.2 is the smallest yχ that al-
lows our scenario to escape the K bound for all mρ >
200 GeV. We find that for 1.2 ≤ yχ ≤ 2.2, our set-up
is viable when the relic contour is trapped in the dip
feature. For yχ < 1.2, we are completely excluded.
5 We thank F. Bishara (M. Bauer) for raising (clarifying) this
point.
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Figure 4. Diagrams contributing to spin-independent scatter-
ing with nucleons. Here q = u, d, s and Q = c, b, t.
Since regions where our relic contours are excluded
mostly correspond to mρ > 200 GeV, where the scal-
ing in Eq. 12 roughly applies, for our discussions below
we will use this equation for making comparisons with
constraints from DM experiments. In the following sub-
sections we will pay particular attention to whether these
experiments have future sensitivities to parametric re-
gions not excluded by flavor probes.
IV.2. Direct detection
DM can scatter with nucleons through flavon exchange,
potentially introducing constraints from direct detection
searches. It is well-known that fermion DM scattering
with nucleons via pseudoscalar mediator exchange pro-
duces a spin-dependent cross section that is velocity-
suppressed [43]. Thus, only the exchange of the CP-even
σ is relevant to our scenario. As sketched in Fig. 4, this
leads to scattering via light quark operators at the tree
level and via gluon operators through heavy quark loops.
In general, we expect the rates to be small since they will
be suppressed by a large mσ (∼ vs).
Setting aside considerations of relic density for the mo-
ment, we now inspect the constraints. We computed our
spin-independent cross section σSI using the formulae in
Appendix B. From Eqs. 7, 11 and B3, this cross section
scales as
σSI ∝ µ2χNm2p
(
y8χ
λ2sm
6
χ
)
. (13)
The right panel of Fig. 5 plots σSI against mχ for three
choices of yχ: 1.0 (red), 1.4 (blue) and 2.2 (green), and
fixing λs to 0.25. The y
8
χ scaling may be seen by compar-
ing among these curves at some mχ. The 90% C.L ex-
clusion cross sections (with their 1 and 2 σ bands) set by
Xenon1T [44] are provided for reference. Due to the scal-
ing in Eq. 13, our limit tightens with yχ. In general, we
expect direct detection to constrain the DM mass poorer
than kaon mixing. For instance, one may read off the plot
that for yχ = 2.2, mχ & 960 GeV. This is a weaker bound
than the kaon mixing one, illustrated by the pink star at
the corresponding mχ in both the left and right panels
of Fig. 5. Variations in yχ will not change this behavior.
Since the exclusion cross section rises only gently across
mχ in this region, we expect from Eq. 13 that the limit
on mχ scales as y
4/3
χ . On the other hand, from Eq. 12, we
know that the kaon mixing mχ bound scales as yχ, which
is not much slower than the direct detection scaling.
Our future direct detection prospects are quite inter-
esting. To check these, we compare our σSI with the pro-
jected reaches of the LUX-ZEPLIN (LZ) [45] and DAR-
WIN [46] experiments, provided in the figure. For yχ =
{1.0, 1.4, 2.2}, LZ is sensitive to mχ . {0.7, 1.0, 1.6} TeV
and DARWIN to mχ . {0.8, 1.2, 2.1} TeV. Amusingly,
there emerge three distinctive future prospects of our
relic surface for the three yχ choices. We show this by
placing a cloverleaf on our σSI curves for each yχ at the
mχ that gives Ωχh
2 = 0.12 (the part of the σSI curve to
the left/right of the cloverleaf corresponds to DM freez-
ing out under/over-abundantly. Also, as seen in the left
panel of Fig. 5, the relic contour is near-insensitive to mρ,
and mostly picked by mχ). By scanning the cloverleaves
(at mχ ' {0.55, 1.1, 2.7} TeV) and the points where our
σSI curves intersect with LZ and DARWIN, we conclude
that
(a) both LZ and DARWIN can reach yχ = 1.0,
(b) LZ cannot, but DARWIN can, reach yχ = 1.4,
(c) neither LZ nor DARWIN can reach yχ = 2.2.
As we had mentioned in the previous sub-section, for
yχ ∈ [1.2, 2.2] our relic contour evades the K bound in
the dip feature. Thus we have a small range of yχ that
gives the correct abundance, is currently viable with re-
spect to all constraints, and is discoverable by future di-
rect detection searches. (Note that although yχ > 2.2
evades the K bound even without help from the dip fea-
ture, it is not discoverable at direct detection.) Though
these results were obtained after fixing λs, varying it
would not change the broad conclusions.
We end this sub-section on a final note. Throughout
the above, we have set λsh = 0 following the motivation
in Sec. III.2, but had we turned it on and enabled mixing
with the Higgs boson, some contribution to scattering
cross sections due to Higgs and gauge boson exchange
may have arisen; however, these are completely negligible
due to the small mixing angles quoted in Sec. III.2.
IV.3. Indirect detection
Fermi-LAT observations of gamma rays from stacked
dwarf galaxies [47] have set 90% C.L. limits on DM anni-
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Figure 5. Left: 95% C.L. bounds from K measurements (dark shaded region excluded) in the mχ–mρ plane, at λs = 0.25
and yχ = 2.2. The blue dashed curve is a contour of Ωχh
2 = 0.12; the region above it leads to overabundant DM. The region
to the right of the red line is kinematically forbidden. Right: Spin-independent DM-nucleon scattering cross sections as a
function of mχ for yχ = 1.0, 1.4 and 2.2 (red, green, and blue curves), versus current constraints from Xenon1T (solid black)
and future sensitivities at LZ and DARWIN (dotted and dot-dashed). The cloverleaf on each yχ curve shows the mχ that leads
to Ωχh
2 = 0.12. Both panels: The pink star in the right-hand panel at mχ = 960 GeV is replicated at the same mass in
the left-hand panel – this is as an example indication that regions excluded by direct detection are usually even more deeply
excluded by kaon mixing constraints.
hilation cross sections that can reach 〈σv〉th = (η) 2.2×
10−26 cm3 s−1, potentially affecting our set-up since our
annihilation χχ → σρ is mainly s-wave. However, these
limits are generally much weaker than the K bound dis-
cussed in Sec. IV.1. Consider the strongest Fermi-LAT
bound, that from a 100% bb¯ final state: for 〈σv〉 = 〈σv〉th,
DM mass & 100 GeV. Although our annihilation scenario
is different – SM final states are products of σ and ρ de-
cay, i.e. we have cascaded, as opposed to direct, annihi-
lations – the corresponding limit on mχ must not be too
far from 100 GeV. Indeed, we find that mχ & 175 GeV
from a naive recasting that assumes (a) the integrated
photon flux from our DM cascaded annihilation equals
that from direct annihilation to bb¯, (b) equal masses, and
hence decay branching ratios, for σ and ρ. This limit falls
well short of the one corresponding to the smallest mχ
spared by the K bound: mχ & 760 GeV, which occurs
at yχ = 1.2 as explained in Secs. IV.1 and IV.2. Fu-
ture indirect detection prospects too are dim. By recast-
ing the sensitivities provided in [48], we find that only
mχ . 325 GeV is within Fermi-LAT’s reach.
These conclusions, based on order-of-magnitude esti-
mates, would hold against variations in λs. But they
would change dramatically if we choose n > 0 (Qχ > 1/2)
in Eq. 6, since Eq. 7 implies mχ can now be lighter
and hence in the range of Fermi-LAT. This warrants
a througher investigation of the indirect detection phe-
nomenology of our n > 0 parametric families, which we
undertake in [14].
IV.4. LHC
The 13 TeV LHC can potentially probe our scenario.
The collider propects of ρ have already been thoroughly
explored in Ref. [2]. To summarize these briefly:
• the collider phenomenology primarily arises from
the fact that ρ couples strongest to bottom-bottom
and top-charm; this can be seen in Eq. (11).
• the production rates are dominated by some combi-
nation of bb¯→ ρ, gb→ bρ and gc→ tρ, depending
on mρ,
• the decay branching ratios of ρ → bb¯ and ρ → tc¯
dominate,
• at a 100 TeV collider, studies of top → ρ + charm
can exclude the region mρ ≤ 175 GeV, whereas
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σ(gc → tρ) × BR(ρ → tc) can exclude 175 GeV ≤
mρ ≤ 1000 GeV for vs . 1 TeV.
In the following we focus on the LHC and study ad-
ditional signals – our smoking guns – generated by our
introduction of DM. Since we use Ref. [2]’s Yukawa tex-
ture, and since generally {mρ, mσ} < 2mχ, the branch-
ing fractions of the flavon quanta remain the same, and
we wish to clarify that adding our DM does not alter the
phenomenology of [2], only augment it.
Using the fact that our DM must be detected as miss-
ing energy (in association with a visible particle) and
that our mediator couples strongest to bb¯ and tc¯, we will
show that searches for heavy quarks + ET/ (mono-bottom
and mono-top), as well as monojet searches, are our best
strategy. In general, we expect these signals to be difficult
to observe. We may see this from two considerations: (1)
Being Z2-odd, χ must be pair-produced, either through σ
production followed by its invisible decay or through an
off-shell ρ. The former is kinematically suppressed since
mσ ' vs is heavy, the latter phase-space suppressed, (2)
In most of our signals, the initial state involves the sea
quarks b and c that have low PDFs.
It is for the above reasons that we expect to be quite
safe from current bounds, as we will show explicitly at the
end of this sub-section. Due to this lack of constraints,
we will restrict ourselves in the following to only a qual-
itative discussion of our best-case signals. A more thor-
ough treatment involving careful background estimates
and signal-enriching techniques will be dealt in forthcom-
ing work [14]. For now, we quote generator-level cross
sections at
√
s = 13 TeV for a point that evades our
stringent kaon mixing constraints, mχ = 760 GeV, yχ =
1.2, mρ = 175 GeV, mσ = 315 GeV. These cross sections
are monojet: 2.2 ab, mono-bottom: 0.4 ab, mono-top:
0.02 ab.
While below we present our LHC signals with DM
production through off-shell ρ, it must be kept in mind
that contributions from processes mediated by a possibly
light σ may also be relevant.
Monojets
Missing transverse energy accompanied by a single jet
is a popular channel for LHC DM searches [49, 50]. This
signal arises in our set-up from the diagrams in Fig. 6.
Contributions of the form qq¯ → ρ∗j and those involv-
ing lighter quarks in the loop will be negligible because
of the weaker couplings. The main backgrounds are
Z(νν¯) + j, W (ν`) (` fakes a jet), W (ν`) + j (` is missed).
Another significant but poorly understood background
comes from QCD jet mismeasurement, usually minimized
by a tight ET/ cut.
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Figure 6. Our main signal processes producing mono-jet,
mono-b and mono-top signatures. See text for details on back-
grounds and signal-enrichment.
b g → ρ∗b (Fig. 6) can contribute to a mono-bottom
signal, with subdominant contributions from the flavor-
changing processes q g → ρ∗b, where q = d, s6; bb¯ρ∗ pro-
duction may also contribute when one of the b’s is missed.
The dominant SM backgrounds are still
Z(νν¯)/W (ν`) + j/c, where the ordinary or c-tagged jet
is misidentified as a b and the ` is missed. These contri-
butions, though appearing to be suppressed by mistag
6 Although light quarks in the initial state will enhance the cross
section due to their PDFs, the coupling of ρ to light quarks is so
small that these contributions are sub-dominant to b g → ρ∗b.
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rates, outdo direct b production [51]: gb → bZ(νν¯)
is the only irreducible background, and just like the
signal process bg → ρ∗b, is PDF suppressed. Future
improvements in b-tagging algorithms may reduce the
Z/W + j/c background, and cutting high on ET/ would
help suppress all the backgrounds.
Mono-top
The flavor off-diagonal coupling gtc is comparable in
size to gbb (see Eq. (A3)) and helps in obtaining a large
signal of mono-tops [52]. See Fig. 6 for the attendant
diagrams. With the charm PDF higher than the bottom,
this channel may be more relevant than mono-b.
Hadronically decaying tops may be particularly advan-
tageous, since the branching ratio is high (=68%) and
since the top mass may be reconstructed from visible final
states, aiding in background reduction. The main back-
ground is QCD multijets with mismeasured jets, which
can be controlled with a high ET/ requirement. This may
boost the top quark and give near-collinear final prod-
ucts. Hence, instead of three distinct jets, the top may
be detected as a single fat jet. All this makes our mono-
top similar to our mono-jet (in both signal and back-
grounds), except here we further demand mfat jet ' mt
and b-tagging.
Having detailed our signals, we now show the safety of
our scenario from constraints at the 8 TeV LHC. Ref. [53]
places these bounds for monojet signals on an effective
cutoff Λ that mediates χ-q interactions (q = u, d, s, c, b),
which can be recast to our scenario by mapping our pa-
rameters to the definition of Λ. First, we choose the
smallest DM mass spared by kaon mixing: 760 GeV
(see the previous two sub-sections). If mσ ∼ mχ and
mρ < mχ (as is true in most regions on our relic sur-
face), the propagator is dominated by the momentum
required to pair-produce DM, 2mχ, which is then our
cutoff. Thus Λ = 1520 GeV for both σ-mediated and
ρ-mediated DM production. However, Ref. [53] finds the
tightest bound to only be Λ > 50 GeV. Similarly, we
can recast the mono-b bound in Ref. [51], which is even
weaker: Λ > 90 GeV. Finally, mono-top signals stud-
ied in Ref. [54] set bounds on a model analogous to ours.
While our (gs)tc at the parametric point considered above
is 0.01, Ref. [54]’s upper limit on the coupling of a pseu-
doscalar mediator to the up and top quark ∼ O(1). Our
actual limit is much weaker, since our ρ and σ production
must proceed through the sea charm quark in the initial
state as opposed to the valence up quark in Ref. [54], and
also because our production rates are hurt by a 3-body
final state when ρ is in the propagator. Analogous to our
indirect detection limits, our collider limits are generally
weaker than flavor limits because mχ ∼ vs. Again sim-
ilar to indirect detection, we expect the LHC to probe
our scenario better at n > 0 since mχ ∝ nvs (Eq. 7).
Though we have only considered mono-X searches,
other signals involving ρ∗ → χχ¯ may be explored. E.g. a
bb¯+ET/ signal can arise via QCD b-pair production with
one of the b’s radiating a ρ∗ → χχ¯. The lack of PDF
suppression may bolster the signal, but the background
also becomes more significant. Moreover, the signal rate
falls away for heavy DM. These various tensions make
this avenue a potentially interesting study.
V. CONCLUSIONS
In this paper, we investigated the conditions under
which fermionic dark matter embedded in the Froggatt-
Nielsen mechanism, with a cutoff scale of ΛFN, can freeze
out to give the observed abundance. Annihilations to
SM species are suppressed by the cutoff scale, while
those to the flavon quanta can proceed with O(1) cou-
plings. If neutral under U(1)FN, DM can undergo p-
wave-suppressed annihilations to pairs of the CP-even
flavon σ, provided a compressed spectrum is contrived.
If charged under U(1)FN, DM can annihilate freely to a
CP-odd flavon ρ + CP-even flavon σ in the s-wave, as
the hierarchy mρ  mχ can be naturally arranged. Fla-
vor constraints on the FN vev vs and perturbativity of
the DM-flavon coupling yχ together restrict the collective
U(1)FN charge of DM to Qχ ≤ 2. Perturbativity also sets
upper limits on the FN cutoff ΛFN, implying that future
experiments sensitive to this scale (such as precision low-
energy measurements or a 100 TeV collider) may be able
to falsify our scenarios.
We focused on the case of Qχ = 1/2, which is vi-
able over a larger parametric region than the cases of
higherQχ. We found that while direct detection, indirect
detection and LHC searches provide weak constraints,
measurements of the CP-violation parameter K in kaon
mixing probe this scenario well. Future direct detection
searches can unearth regions allowed by kaon mixing, but
future indirect detection searches cannot. We also dis-
cussed possible DM signatures at LHC Run-2 and strate-
gies for enriching the signal over background. The clear-
est signal of our hypothesis would be a triple discovery
of the pseudoscalar flavon, CP-even flavon and DM on
the “relic surface” of our parameters, such as along the
contours shown in the right panel of Fig. 3. These possi-
bilities will be explored in greater detail in a forthcoming
paper [14]. In it we will more closely examine the implica-
tions of indirect detection on the entire parameter space
in Eq. 7, studying each Qχ scenario in detail. We will
also undertake a fuller collider study of our LHC signals.
Our set-up can be trivially extended to include the lep-
tonic FN mechanism, in which case future AMS-02 mea-
surements could become relevant. Gauging the U(1)FN
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symmetry is another possibility, potentially introducing
Z ′ bosons as a DM annihilation channel, and as an avenue
for a new set of constraints. Spin-0 DM takes our analy-
sis into non-trivial directions, since by virtue of the Higgs
portal term |χ|2|H|2, annihilations could now be shared
amongst flavon- and Higgs-pair channels. We leave all
these possibilities for future study.
In summary, it is intriguing that thermal freezeout pro-
vides a target for exploring not only the identity of dark
matter but also the apparatus behind flavor.
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Appendix A: Yukawa couplings
The quark masses arising from Eq. 2 are
(mu)ij = y
(u)
ij 
Qqi−Quj v√
2
, (md)ij = y
(d)
ij 
Qqi−Qdj v√
2
,
(A1)
with the possibilityQq1 Qq2 Qq3Qu Qc Qt
Qd Qs Qb
 =
−3 −2 05 2 0
4 3 3

yielding the correct masses [2].
The corresponding Yukawa interactions with the
physical Higgs are identified as (Y uij/
√
2)huLiuRj and
(Y dij/
√
2)hdLidRj with
Y uij ≡ y(u)ij Qqi−Quj , Y dij ≡ y(d)ij Qqi−Qdj . (A2)
From Eqs. 1 and 2, one also obtains the Yukawa inter-
actions
gqijσf¯LifRj + g
q
ijγ5ρf¯LifRj (A3)
with
(guσ)ij = i(g
u
ρ )ij = y
u
ij(Qqi −Quj )(Qqi−Quj )
v√
2vs
,
(gdσ)ij = i(g
d
ρ)ij = y
d
ij(Qqi −Qdj )(Qqi−Qdj )
v√
2vs
.
(A4)
The g
(u,d)
s matrices are brought to the mass basis via
the biunitary transformations that diagonalize the Higgs
Yukawas Y
(u,d)
ij ≡ y(u,d)ij nij(mij). Due to the misalign-
ment between the Higgs and flavon Yukawa bases, the σ
and ρ can mediate flavor-violating interactions that may
be subject to meson-mixing constraints.
Appendix B: Dark matter formulae
This appendix collects formulae used in the calculation
of the relic density and direct detection cross sections.
Relic abundance
The relic abundance is given by [55]
Ωχh
2 = 0.12
4.4× 10−26 cm3/s
〈σv〉
(xf
25
)(106
g∗
)1/2
, (B1)
where xf ≡ mχ/Tfreezeout and g∗ counts the entropy de-
grees of freedom at freezeout. The annihilation cross sec-
tion 〈σv〉 is dominated by process χχ¯ → σρ, and its s-
wave piece is given by
〈σv〉s−wave =
g2ρχχ
256pim4χ(4m
2
χ −m2ρ)2(4m2χ −m2σ −m2ρ)2√
(4m2χ −m2σ)2 − 2m2ρ(4m2χ +m2σ) +m4ρ
×
{
−gσχχm4ρ +m2ρ(2mχλσρρ +m2σgσχχ)
+ 2mχ(4m
2
χ −m2σ)(2mχgσχχ − λσρρ)
}2
,
(B2)
where the couplings gρχχ = gσχχ = yχ/
√
2 and λσρρ =
m2σ/vs. As mentioned in Sec. III.2, the p-wave contribu-
tion is found negligible.
Direct detection
The spin-independent DM-nucleon scattering cross
section is given by [56]
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σSIχN =
µ2χN
pi
f2N , (B3)
with µχN the DM-nucleon reduced mass. The effec-
tive nucleon-DM coupling fN arises from the operators
(χ¯χ)(q¯q) and χ¯χGaµνGaµν (via heavy quark loops), and is
given by [57]
fN = mN
 ∑
q=u,d,s
fqf
N
Tq +
∑
q=c,t,b
2
27
fqf
N
TGcq
 , (B4)
with the mass fractions in nucleons
fpTu,d,s = (0.023, 0.032, 0.020), f
n
Tu,d,s
= (0.017, 0.041, 0.020),
fpTG = 0.925, f
n
TG = 0.922 ,
and cq a QCD correction factor = 1 + 11αs(mq)/4pi with
(cc, cb, ct) = (1.32, 1.19, 1). The effective quark-DM cou-
plings are given by
fq =
(
gσχχgσqq
mqm2σ
)
,
with gσχχ = yχ/
√
2 and gσqq are the couplings obtained
after rotating to the mass basis the couplings given in
Eq. A4.
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